Various structural health monitoring strategies have been proposed recently that can be implemented in the decentralized computing environment intrinsic to wireless smart sensor networks (WSSN). Many are based on changes in the experimentally determined flexibility matrix for the structure under consideration. However, the flexibility matrix contains only static information; much richer information is available by considering the dynamic flexibility, or receptance, of the structure. Recently, the stochastic dynamic damage locating vector (SDDLV) method was proposed based on changes of dynamic flexibility matrices employing centrally collected output-only measurements. This paper investigates the potential of the SDDLV method for implementation on a network of wireless smart sensors, where a decentralized, hierarchical, in-network processing approach is used to address issues of scalability of the SDDLV algorithm. Two approaches to aggregate results are proposed that provide robust estimates of damage locations. The efficacy of the developed strategy is first verified using wired sensors emulating a wireless sensor network. Subsequently, the decentralized damage detection strategy is implemented on MEMSIC's Imote2 smart sensor platform and validated experimentally on a laboratory scale truss bridge.
Introduction
Civil infrastructure systems constitute valuable national assets that should be maintained to ensure public safety and economic prosperity. Structural health monitoring (SHM) has the goal of assessing the condition of such infrastructure so that damage can be detected at an early stage and service life can be extended. To date, numerous methodologies and applications for condition assessment have been reported in the literature (see Doebling and Farrar 1997 , Sohn et al 2003 .
Wireless smart sensors (WSSs) offer an attractive solution for monitoring of civil infrastructure by providing easier installation and efficient data management at a lower cost than traditional wired monitoring systems . Indeed, installation time and costs are significantly less than their wired counter-parts, and on-board computation capabilities offer in-network data reduction/fusion and decision-making functionality. However, because WSSs have limited communication bandwidth, deploying a large network of WSSs using a centralized topology is intractable. To mitigate this problem, decentralized processing has been adopted by several researchers for implementation of SHM on networks of WSSs (e.g. Gao and Spencer 2008 , Nagayama and Spencer 2007 , Shiraishi and Lynch 2008 , Sim and Spencer 2009 , Sim et al 2011 .
One of the damage detection algorithms which has been shown to be viable for deployment in a decentralized network of WSSs for SHM is the damage locating vector (DLV) method (Bernal 2002, Gao and . The DLV method has been extended in several ways, including the stochastic DLV (SDLV) method (Bernal 2006) , the dynamic DLV (DDLV) method (Bernal 2007) , and the stochastic dynamic DLV (SDDLV) method (Bernal 2010) . Among these, the SDDLV method employs a dynamic flexibility matrix or transfer function matrix to provide richer structural information that is extracted and used for damage localization. However, the SDDLV method requires accurately synchronized data to be collected at a centralized location. Therefore, direct implementation on a decentralized network of WSSs is not straightforward.
This paper examines the potential of the SDDLV method for robust damage localization for implementation on wireless smart sensor networks (WSSN). A decentralized, hierarchical, in-network processing strategy is employed to provide scalability for the SDDLV algorithm. The decentralized SDDLV method is then experimentally validated; to eliminate the uncertainties of wireless communication, a traditional wired system is first used to emulate the WSSs. Evaluation is conducted using a laboratory scale steel truss bridge in the Smart Structures Technology Laboratory at the University of Illinois at Urbana-Champaign. Subsequently, the decentralized SDDLV method is implemented on the Imote2 WSS platform using the Illinois Structural Health Monitoring Project Services Toolsuite (ISHMP 2010). Finally, the efficacy of the developed WSS application is demonstrated in the laboratory using the steel truss bridge.
Receptance-based damage detection method
For completeness, this section overviews receptance-based damage detection methods based on the DDLV and the SDDLV method. These methods are applicable to linear damage (Lemaitre and Desmorat 2005) , which implies that the structure responds linearly before and after damage. Consider a discrete linear structure in two states as shown in figure 1: one has a stiffness matrix of K, and the other has a stiffness matrix K + K, where K denotes the changes in some stiffness parameters due to damage. Here, l(t) is the time history of the load and σ D is the associated stress field over D . Let G u xf (s) and G d xf (s) be the receptance matrices associated with the undamaged and damaged states, respectively, of this system; then, we define the difference matrix,
, where s is a complex frequency.
The DDLV methods assume the existence of a set of complex force vectors that induce identical complex displacement fields in the structure before and after damage. These load vectors can be written as
where l k is a complex load vector and s k is the associated complex frequency. The displacement fields for the undamaged and damaged structures are given, respectively, by Taking the difference between these two expressions yields
Because (4) must be satisfied for all time, either G(s k ) = 0 or the matrix G(s k ) is not full rank, and the vectors l k are in the null space of G(s k ). Because G(s k ) = 0 implies no damage, the latter case provides the main focus. The vectors, l k , spanning the null space of G(s k ) are the DDLVs. These DDLVs are applied to a numerical model of the undamaged structure, and the resulting stress field is examined. The associated stress field is zero in the potentially damaged region. In practice, the DDLV is computed from the null space of the experimentally determined receptance matrices for each frequency such that
Evaluating the receptance matrix at s = 0 (i.e. the static case) yields the flexibility matrix, which indicates that the DLV method is a subset of the DDLV method. The SDDLV method was proposed to extend the DDLV method when the input is not measured (Bernal 2010) , i.e. the output-only case. For output-only implementation of the DDLV method, a surrogate matrix for the receptance matrix has been defined using the derivation in a relationship between the system matrices. Bernal (2010) found the null space of the surrogate matrix is identical to those from the receptance matrix. Considering that the dynamic DLVs spanning the null space of the change in the receptance matrix are the damage locators, the surrogate matrix can also be used in the damage localization process. Detailed derivation and proof are found in Bernal (2010) .
Development of damage detection criteria
A numerical study of a truss structure is provided in this section to illustrate the DDLV and SDDLV methods, as well as some of the associated challenges. Based on this study, two approaches to aggregate results are proposed for the DDLV and SDDLV methods that yield robust damage detection.
Numerical simulation on the SDDLV method
Consider the 53 degrees-of-freedom (DOF) truss model as shown in figure 2 (Gao and Spencer 2008) . Element 42 (see the dotted element in figure 2 ) is assumed to have a 25% stiffness reduction which represents damage. The accelerations of nodes 2-14 along the lower chords were measured. Five per cent root-mean square noise has been added to the generated acceleration data to simulate the measurement noise.
The SDDLV method is applied to detect the damage in the structure. The damage index resulting from the SDDLV method is the dynamic normalized accumulated stress (DNAS). The DNAS is the normalized and accumulated stress level of each element under a set of SDDLVs. The zero DNAS indicates the potential damage elements. Here, s k is evaluated along the real axis (i.e. s k = iω k , where ω k is the frequency of the steady-state harmonic excitation). Figures 3  and 4 show the DNAS of all elements for the frequency range of 0-200 Hz. Though the DDLV method gives much richer information than the DLV method, determining which elements correspond to candidate damage locations is challenging. The DNAS at element 42 is consistently low; however, the DNAS of some other elements is also low. Moreover, calculating the DNAS at all the points along the real axis in the complex plane is computationally challenging.
Further insight is gained by examining the DNAS at the damaged element. As shown in figure 5 , the DNAS at the damaged element is less than 0.1 at most frequencies; however, at the antiresonances (zeros) of the receptance function for the damaged element, the DNAS values are higher. These higher values are caused by the dynamic responses of the damaged element being generally small at these antiresonances; thus, the damage detection results are unreliable at these frequencies due to the decreased signal to noise ratio.
Damage detection criteria
While the DDLV method provides much richer information than the DLV method, as was illustrated in section 3.1, appropriate interpretation is challenging. For effective damage detection, two approaches to aggregate results are proposed based on the numerical simulation.
The main idea is to calculate the DNAS at several frequencies (i.e. s k = iω k , where ω k is the frequency of the corresponding steady-state harmonic excitation) avoiding the zeros and poles, and then to consider both their maximum and average values. The zeros and the poles are excluded from the calculation due to smaller responses due to antiresonance, and spectral leakage, respectively.
The maximum stress index (MSI) is defined as
where σ NA,j | ω i is a DNAS of the jth structural element evaluated at ω = ω i . The MSI is based on the fact that DNAS of the damaged element is low in general. By taking the maximum of the DNAS, the lower DNAS at undamaged elements can be delineated. The average stress index (ASI) is also proposed, which is the average of the DNAS at the frequencies where the MSI was calculated,
whereσ j | ω i is the DNAS at the jth element of the ith frequency, c i is the weight for DNAS at the ith frequency, and n is the number of frequencies involved for calculation. The weight c i has been assumed as unity because the amplitude error (Nagayama and Spencer 2007) of DNAS becomes similar over frequency after the normalization process. Using these two damage indices, the candidate damage element (CDE) criterion is defined as
where X j is the jth element, and tol is a tolerance level to determine the candidate damage location for both ASI and MSI in this research. That is, the CDEs are the elements of which ASI and MSI are less than a specified threshold value. Therefore, the issues of application of the SDDLV method for complicated structures can be addressed with these two damage indices. By simultaneously considering these two damage indices, MSI and ASI, a more informed and robust decision on damage locations can be made.
Decentralized SDDLV method

Decentralized computing approach
To implement the SDDLV on a network of WSSs, an appropriate network topology must be considered. Three network topologies and data processing schemes are generally considered for WSSs, i.e. centralized data acquisition, independent data processing on each node, and hierarchical system as shown in figure 6 (Nagayama and Spencer 2007) . Among these topologies, the hierarchical system provides efficiency in network communication and the ability to employ spatial structural response information. Gao and Spencer (2008) demonstrated that the hierarchical network topology can be effectively used for damage localization. This decentralized computing strategy aims to determine damage information from subsets of the whole system. Damage is a local phenomenon, therefore information far from the damage is not critical for damage detection. In a local community which potentially has damaged elements, the information in the vicinity of the damaged elements is sufficient for damage localization. In decentralized system identification, the difference of the state-space realization of the system-level and sublet approaches is the C matrix, if the first few important modes are reliably identified in the specific groups. In reality, the accuracy of the identified modal characteristics may not be necessarily improved by an increased number of measurements due to uncertainties. Gao and Spencer (2008) performed an extensive study on system identification and damage detection with subsets of data, which was shown to be reliable. Thus, the decentralized implementation of the SDDLV method proposed herein employs the hierarchical network topology.
Decentralized SDDLV method
The procedure for the decentralized SDDLV method in each local community is shown in figure 8 . The first step is extracting the surrogate matrices from the measured data before and after damage. The structure is assumed to be subjected to a stationary broadband random excitation; the acceleration responses are measured before and after damage. The system matrix A and output matrix C and modal frequencies (ω) and shapes (ϕ) are identified using output-only data based on the natural excitation technique (NExT) in conjunction with the eigensystem realization algorithm (ERA) (Farrar and James 1997) . The surrogate matrices are calculated from the identified system matrices at several specific frequencies. These frequencies can be chosen avoiding the zeros and poles, as discussed in section 3.2. belowskip=8pt The next step is damage detection using the SDDLV method for each community. Multiple sets of SDDLVs are determined from the singular value decomposition of the difference in the identified surrogate matrices before and after damage (R u and R d ) at the chosen frequencies. Each SDDLV is applied to a finite element (FE) model of the target structure to calculate the stress of each element. The DNAS will be calculated by summation and normalization of the calculated element stresses. The DNAS are then used to calculate the MSI and ASI, which can indicate the candidate damaged elements (equation (8)).
Experimental validation using a wired sensor system
Prior to implementation on the wireless sensor platform, the decentralized SDDLV method is validated on the truss structure shown in figure 8 . The truss has 14 bays, each of which is 0.4 m long. The supports of the truss are a pin at the left end and a roller at the right end. Each element has a tubular cross section with an inner diameter of 1.09 cm and an outer diameter of 1.71 cm. This truss bridge has been actively employed as testbed for damage detection algorithms by several researchers: a decentralized computing strategy using the original DLV method (Gao and Spencer 2008 ) and implementation of the SDLV method on wireless smart sensors (Nagayama and Spencer 2007) . Some of the experiment data of Gao and Spencer (2008) on damage detection is available to the public at www.nees.org (http:// nees.org/warehouse/project/1031).
The experimental setup included a shaker, spectrum analyzer, data acquisition system, and sensors. A Ling Dynamic Systems permanent magnetic V408 shaker is used to excite the model truss bridge. The maximum capacity of this shaker is 9.07 kgf, and the excitation frequency range is 5-9000 Hz. Band-limited white noise was generated by a virtual function generator in Siglab SL20-42. A National Instrument (NI)'s SCXI-1141, an eight-pole elliptic filter for anti-aliasing, and SCXI 1305 are connected to a NI DAQpad 6052E, which performs analog to digital conversion of the acceleration signals with 16 bit resolution. A Labview R program was used to control this data acquisition system. PCB 353B33 accelerometers are installed. The nominal sensitivity of the sensors is 100 mV g −1 , the measurement range is 1-4000 Hz, and a peak amplitude range is ±50 g. For the input force measurement, a PCB 208C02 load cell is installed at the tip of connecting rod between the shaker and the structure. This wired sensor system is used to emulate the wireless smart sensor network and demonstrate the potential of the proposed method.
The decentralized computing strategy is applied for damage detection of the truss bridge. The structure is divided into 11 local communities as shown in figure 9 . The local communities are aligned in a linear manner. Between two adjacent communities, four nodes are overlapped for robust damage identification endowing redundancy. The candidate damage element should be identified simultaneously in all groups for which it is a member.
In each group, 12 accelerations are measured at six nodes: six transverse and six vertical directions. Damage is simulated as a 40% stiffness reduction. Two damage scenarios are considered; single damage at element 8, and damage at elements 9 and 20. 4.3.1. Single damage case: element 8. For the single damage case, the damage detection procedure using measurements is summarized. The acceleration time history and the first 4 s of the autocorrelation function in the vertical direction at node 2 in group 1 are shown as an example of time histories in figure 10. The system matrices are calculated using the NExT-ERA method. Because no input force was measured, the NExT method was applied, using the cross-correlation functions of each sensor location and the reference sensor for the ERA method. The surrogate matrices before and after damage are obtained from the system matrices. The SDDLVs are obtained by singular value decomposition of the change of the surrogate matrices. The obtained SDDLVs are applied to a three-dimensional FE model to calculate the DNAS by structural analysis. To find the frequencies for evaluating the receptance matrix, the transfer function of acceleration to the input excitation at node 2 is investigated (see figure 11) . In practice, the transfer function calculated from the developed FE model can be used to select the frequencies for consideration. Based on the investigation in section 3.1, the frequencies can be chosen in the measured bandwidth except the zeros and poles.
In this example, four frequencies of 19, 38, 57, 95 Hz have been randomly chosen to determine damage indices.
The results of the decentralized SDDLV method using the wired sensors are provided. The MSI and ASI for groups 1 and 2, which include the damaged element, are shown along with NAS in figure 12 . The first row is the NAS of the SDLV method when the flexibility matrices are used. The second and third rows are the ASI, average of the DNAS of each element and the MSI, taking the maximum of the DNAS. The threshold of damage detection is chosen as 0.3, as used in Gao and Spencer's damage detection experiments using a traditional DLV method for the same truss bridge (2008). In groups 1 and 2, the MSI and ASI of element 8 is less than 0.3, indicating possible damage locations. The NAS of group 2 is lower than 0.3 at element 14 additionally, which is false positive damage indication. In addition, groups 5, 8, 9 show a false positive damage indication when the SDLV method is used at elements 19, 35 and 41, while the MSI and ASI did not show these false indicators (see figure 13) . Therefore, the modified SDDLV method using MSI and ASI has shown a more robust performance than the SDLV method.
Multiple damage case: elements 9 and 20.
The multiple damage case at elements 9 and 20 is also considered. The decentralized SDDLV method has been conducted using the measured acceleration data with the same parameters and procedure described previously. The damage indices for the SDLV and SDDLV methods are shown in figure 14 for groups 1, 2, and 4, which contain the damaged elements. For these groups, no false positive indication is seen. For other groups 3 and 7, the SDLV method reports false positive detection (see figure 15 ). This shows that the MSI and ASI can delineate the true candidate damaged elements. Therefore, the performance of the decentralized SDDLV method has been experimentally demonstrated for the multiple damage case. 
Implementation of the decentralized SDDLV method on WSSN
The decentralized SDDLV method is implemented on a WSSN employing the Imote2 platform based on the ISHMP Services Toolsuite. The Toolsuite has a service-oriented architecture, where the term 'service' is defined as selfdescribing software components in an open or modifiable distributed system (Rice et al 2008) . An 'application' is a composition of a number of linked services that provides coordination among the services. The developed damage detection module is further implemented toward a comprehensive application, combining synchronized data measurement, decentralized system identification using NExT-ERA, and damage detection using the extended SDDLV method. This software application is validated on the truss bridge used in section 4.3 using WSSs for identification of decentralized damage.
Decentralized SDDLV service
The SDDLV method is implemented as a damage detection service based on nesC (Gay et al 2003) . A flow chart of the procedure of the SDDLV service is shown in figure 16 , implementation of the flow chart of the method shown in figure 7 . Most steps correspond to the flow chart of the method. The SDDLVs calculated in step 4 are to be applied to the undamaged FE model to obtain the DNAS by on-board computation. This calculation is time-consuming and computationally costly to run a structural analysis on the wireless sensor node. Therefore, a simplified approach for this structural analysis process is required for efficient implementation on WSSs.
To simplify the structural analysis, a force-to-stress (F2S) matrix is pre-defined as
where T is the transformation matrix from displacement to stress. The subscript s is stress and f means force, indicating that matrix F2S is a transfer function from the force (SDDLV) to stress (DNAS), R u (ω i ) is the receptance matrix of the undamaged state for all DOFs at each frequency ω i , while m is the number of elements, and n is the number of degrees of freedom of the discretized FE model. DNAS can be calculated by multiplying the calculated SDDLV by the F2S matrix.
Decentralized damage identification
Using the decentralized SDDLV service, a decentralized damage detection application for WSSNs DecentralizedDamageIdentification is developed. The application flowchart is shown in figure 17 . The inputs are system matrices, modal parameters, F2S matrix, and runtime parameters for on-board computation, and the outputs are the damage indices of MSI and ASI. Major components are the DecentralizedDataAggregation (Sim and Spencer 2009 ), NExT-ERA, and decentralized SDDLV service. The DecentralizedDataAggregation conducts the synchronized sensing, and estimates correlation functions in each local sensor community. The cluster-heads retain the correlation functions for further analysis, while all leaf nodes go to deep sleep to conserve power. The next procedure of the system identification service using NExT-ERA runs on the cluster-head in each group. In this step, the correlation functions are used to determine the state-space matrices of the damaged state and the modal properties including natural frequencies and mode shapes. Note that only local modal properties can be obtained because each cluster-head only collects local information. The final step is conducting the decentralized SDDLV method based on the calculated modal parameters of undamaged and damaged states. After calculation, cluster heads send the damage indices to the gateway node in the last step. The final output is transferred to the base station.
To run the application, three types of wireless smart sensor nodes are employed: a gateway node, a cluster-head, and a leaf node (see figure 18) . The gateway node is connected to the base station computer to communicate with the leaf nodes. The cluster-head is a manager of a local community, which coordinates the in-group communication during system identification. The main tasks of the leaf nodes are sensing and on-board computation. After obtaining the synchronized data from leaf nodes, the cluster-head computes the modal properties. The overlapped nodes participate in on-board processing of one group while the other group is waiting, then join the processing of the other group subsequently.
The control flow is provided by a state machine, as shown in figure 19 . The state is a series of short flags representing each step of an application in nesC. The default states for all nodes are initially set to 'DISABLE'. Next, the DecentralizedDataAggregation is executed, collecting data and estimating the correlation function. After DecentralizedDataAggregation is finished, the state of the gateway node is set to 'SENDDCSMSG' to send the necessary parameters to the cluster-heads for the subsequent system identification and damage detection steps. The states of the cluster-heads become 'CALCERA' for system identification, then 'CALCSDDLV' for damage detection. When the on-board computations are completed, the state of each cluster-head changes to 'SENDDATA', and the cluster-head sends the damage detection results to the gateway node. When the data transfer is completed, the state of the gateway node is set to 'PRINTDATA' to transfer the data to the base station. The state machine for the DecentralizedDataIdentification application is illustrated in figure 19 . 
Experimental validation
The efficacy and performance of the DecentralizedDataIdentification is validated using the previously discussed truss structure. Imote2 is employed as the wireless sensor platform; Imote2 is a microprocessor with 13-413 MHz variable CPU speed, 64 kB SRAM, volatile 32 MB SDRAM, and non-volatile 32 MB FLASH memory space, with ZigBee network communication capabilities, developed by Crossbow (2007) . A SHM-A sensor board is stacked on the Imote2 to measure the acceleration; the SHM-A sensor board is a multi-scale wireless sensor board with a tri-axis MEMS-accelerometer, temperature/light/humidity sensors, with programmable sampling frequencies for civil infrastructure monitoring purposes Spencer 2009, Jang 2010) . The gateway node consists of an Imote2 on the IIB interface board as shown in figure 20(a) . The cluster-head and leaf nodes consist of a battery board, an Imote2 platform, and a SHM-A sensor board (see figure 20(b) ). A local group consists of one cluster-head and five leaf nodes. All nodes have been loaded with the DecentralizedDataIdentification application.
In total, ten leaf nodes are installed at the nodal points. Each group includes six leaf nodes, and two leaf nodes are overlapped. Among all groups, two local groups adjacent to damaged element are examined (see figure 21(a) ). For time synchronization, the clocks of the leaf nodes, cluster-heads and the gateway nodes are synchronized with a time stamp before starting the measurement. After sampling, the measured data are resampled; an illustration of the resampling concept is provided in Nagayama and Spencer (2007) . The damage is simulated a 40% reduced section as shown in the dotted area of figure 21(b) .
For the acceleration measurement, a total of 22 528 data points in the horizontal and vertical directions have been measured at 560 Hz with a cutoff frequency of 140 Hz. This cutoff frequency captures the first four significant natural frequencies of this truss model. For system identification using NExT-ERA, the size of the Hankel matrix is 50×50 and the number of FFT points chosen to be 2048. The lower four modes are employed for calculating the receptance matrices. The surrogate matrices to obtain the damage indices are determined at 0 and 20 Hz. From the surrogate matrices, the MSI and ASI are calculated. The threshold value to determine the existence of damage is set at 0.3 as in the previous experiments using the wired sensor system on the identical truss testbed in section 4.3.
The damage detection results for groups 1 and 2 are shown in figure 22 . The top figure is the NAS from the SDLV method, and the center and bottom figures are the results from the SDDLV-ASI and SDDLV-MSI methods. Element 9 has lower damage indices than the threshold value of 0.3; therefore, the damaged element has been successfully identified using the developed method. In the results for group 2, the NAS and ASI at element 11 are less than the threshold value, while the MSI at element 11 is higher than 0.3. Element 11 is not confirmed as a damaged element, because the damage indices of element 11 in group 1 are higher than the threshold. The small NAS of element 11 can be explained by force balance of the truss structure at the vertical direction at node 18, because the current sensor configuration indicates the SDDLVs are only applied in the vertical directions at the lower chords. A similar example was shown in Gao and Spencer (2008) . The dynamic information at 20 Hz helps to delineate the low damage index due to force equilibrium from candidate damage elements. Element 9 is confirmed as the candidate damage element for this experiment.
Conclusion
A decentralized receptance-based damage localization approach was developed by combining the SDDLV method and with new damage detection criteria, providing robust SHM using WSSN. The damage detection performance of this approach was validated using a wired SHM system on a truss structure. The results showed that the proposed approach reduces false positive damage indications. The decentralized SDDLV approach was implemented as a damage detection service in the ISHMP Services Toolsuite and used to develop a comprehensive damage detection application, DecentralizedDataIdentification, for WSSN. The efficacy of the DecentralizedDataIdentification application was demonstrated on the truss structure using an Imote2-based WSSN.
